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A novel protein required for RNA interference in
Drosophila, Armitage, was identified in a screen for
genes involved in embryonic axis formation. In
armitage mutants, oocyte polarity and the regulation
of oskar mRNA translation are impaired, suggesting
that RNA silencing regulates the first steps of
Drosophila development.
In many organisms, the first few hours of life proceed
with little or no transcription and development relies
upon maternal mRNAs and proteins stored in the egg.
In Drosophila, establishment of the antero–posterior
and dorso–ventral axes of the embryo is controlled by
oskar, bicoid and gurken mRNAs, which are asym-
metrically localized in the oocyte (reviewed in [1]).
oskar mRNA encodes the posterior determinant, which
is both necessary and sufficient to direct formation of
the abdomen and germline. Tight restriction of oskar
activity within the oocyte is therefore essential, and this
is achieved by translational repression of oskar mRNA
during transport, and translational activation of the
mRNA at the oocyte’s posterior pole. Exciting new
findings that armitage (armi), a gene required for the
RNA interference (RNAi) pathway [2], is involved both
in oocyte polarization and oskar translational repres-
sion [3], point to RNAi and short interfering (si)RNAs
and/or micro (mi)RNAs as key regulators of early
Drosophila development.
Oocyte polarity in Drosophila is established by a
multi-step process, involving several polarization events
[1]. Oogenesis begins when a germline stem cell divides
asymmetrically, giving rise to a new stem cell and a
cystoblast. The cystoblast divides four times with
incomplete cytokinesis, producing an asymmetric cyst
of 16 cells: fifteen nurse cells and one oocyte intercon-
nected by cytoplasmic bridges known as ring canals.
The nurse cells produce most of the mRNAs and pro-
teins required for oocyte development.
The import of RNAs and proteins into the oocyte
and their further localization to specific regions within
the oocyte are both microtubule-dependent. After the
16 cell cyst has formed, a microtubule organizing
center (MTOC) assembles at the anterior of the oocyte
and microtubules extend from the MTOC through the
ring canals and into the nurse cells. The polarity of the
oocyte microtubule cytoskeleton is reversed twice:
during early oogenesis, the MTOC shifts from the
anterior to the posterior pole of the oocyte; at mid-
oogenesis, the posterior MTOC is disassembled and
microtubules nucleate from the anterior and lateral
cortex of the oocyte (Figure 1B,C). Consequent to the
mid-oogenesis repolarization, gurken, bicoid and
oskar mRNAs become localized, respectively, to the
oocyte’s anterior-dorsal corner, anterior pole and
posterior pole. Concomitantly, translation of localized
oskar mRNA is activated and a localized pool of Oskar
protein produced. 
armi was identified in a genetic screen for mutations
that affect embryonic axis specification [3]. In an armi
mutant, the first microtubule polarization event is
impaired, such that the MTOC fails to shift to the pos-
terior pole and oskar mRNA and Gurken protein fail to
localize in the normal posterior crescent. In addition,
Oskar protein is produced prematurely in an armi
oocyte. A similar precocious expression of Oskar
protein is observed in aubergine, maelstrom and
spindle-E mutants [3], in which the distribution or func-
tion of components of the RNAi pathway is impaired
[4–6]. The homology of Armi to the Arabidopsis protein
SDE3 [7] suggested that it might similarly have a role in
RNA silencing.
RNA silencing is mediated by small non-coding
RNAs, including siRNAs and miRNAs; it has been
shown to function in different eukaryotic phyla and to
regulate basic biological processes, such as develop-
mental timing, cell differentiation, growth control and
defense against viruses [8–14]. siRNAs and miRNAs are
generated by similar processing events and act in gene
silencing by similar mechanisms (Figure 1A). They are,
however, produced from different precursors: siRNAs
arise from long double-stranded RNAs and miRNAs
from hairpin precursors. In both cases, the precursor is
processed by Dicer, an RNase III endonuclease, into
21–23 nucleotide double-stranded RNAs. Subse-
quently, one of the RNA strands is incorporated into the
RNA-induced silencing complex (RISC). Target mRNAs
are recognized by their complementarity to the
miRNA/siRNA strand included in RISC. Perfect com-
plementarity results in target degradation — RNAi —
and is usually triggered by siRNAs. In plants, however,
most miRNAs pair with near-perfect complementarity
and trigger target degradation. Partial complementarity
usually results in translational repression and is typically
mediated by miRNAs. (Note that the term RNAi is fre-
quently used to refer to all homology-dependent RNA
silencing events.)
Tomari et al. [2] hypothesized that Armi might
participate in RNAi in the Drosophila germline. A pre-
cedent for RNAi having a function during normal devel-
opment is provided by the Stellate locus, which has
been shown to be silenced in the male germline by
siRNAs produced from the Suppressor of Stellate locus
[5]. This silencing of the Stellate locus was found to be
defective in armi mutant males [2], implying that the
RNAi pathway indeed does not work properly in these
mutants. As a first step towards determining the precise
role of Armi in RNAi, Tomari et al. [2] went on to test the
capacity of lysates of wild-type and armi mutant ovaries
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to support RNAi in vitro, using a characterized siRNA-
directed mRNA cleavage assay. The rate of target
cleavage was found to be much slower in armi mutant
than wild-type ovary lysates, indicating that Armi has a
direct role in the RNAi pathway. At which step of the
RNAi pathway does Armi act? As the rate of substrate
cleavage in this assay usually reflects the concentration
of RISC in the extract, Tomari et al. [2] proceeded to
analyze RISC assembly in wild-type and armi mutant
ovary lysates. This analysis revealed that RISC assem-
bly is impaired in the two characterized armi mutants,
and that the degree of reduction in the amount of RISC
in the mutants correlates with the strength of the allele. 
To further dissect the role of Armi in RISC formation,
intermediates in RISC assembly were resolved on
native gels. Two complexes, A and B, both containing
double-stranded siRNA, were thus identified. From the
presence of double-stranded siRNA and, in the case
of A, of RISC-associated proteins in these complexes,
Tomari et al. [2] propose that A and B are RISC
intermediates. Their observation that siRNA can be
chased from B into RISC provides strong evidence
that B is indeed converted to RISC, possibly via A. In
armi mutant lysates, both A and B are formed, but
RISC assembly is impaired. RISC formation requires
production of single-stranded siRNA from the double-
stranded siRNA, a step that presumably involves RNA
unwinding. While it is still unclear if Armi, a putative
ATP-dependent helicase, is the unwinding enzyme,
the fact that armi lysates primed with pre-generated
single-stranded siRNA fail to support RNAi indicates
that Armi controls a further step in RISC assembly.
A similar analysis of RISC assembly intermediates
was recently performed by Pham et al. [15], who
identified two complexes assembled on siRNAs in
Drosophila embryo lysates, R1 and R2. As with the A
and B complexes identified by Tomari et al. [2], chase
experiments suggest that R1 is a precursor of RISC,
possibly via R2. But the complexes identified by Tomari
et al. [2] and Pham et al. [15] differ in their protein
content and the ATP-dependence of their formation.
Further analysis should reveal the precise relationship
between these complexes.
The elegant demonstration that Armi is a novel and
essential component of the RNAi pathway in the
Drosophila germline suggests that RNAi might regulate
the earliest steps of fly development. While the role of
Armi in oocyte development and in RNAi might be dis-
tinct, the fact that aubergine, maelstrom and spindle-E
mutants display similar polarity and RNA regulation
phenotypes suggests that RNAi and siRNAs may
indeed control these processes. It has been shown
that the siRNA and miRNA pathways share common
components (reviewed in [12–14]) and that, when pre-
sented with only partially complementary targets,
siRNAs can function as miRNAs in translational silenc-
ing [16,17]. It is therefore possible that Armi regulates
its oogenesis targets via the miRNA pathway and
translational regulation. In armi, aubergine, maelstrom
and spindle-E mutant oocytes, oskar mRNA is trans-
lated prematurely, strongly suggesting a role of small
RNAs in oskar regulation. 
Assuming that Armi regulates oskar translation via
small RNAs, the question remains whether the role of
Armi in oskar translational repression is direct — and
mediated by a miRNA — or indirect, in which case
either siRNA or miRNA might be involved. Double-
stranded RNAs and proteins involved in RNAi have also
been shown to play a role in transcriptional silencing
(for examples, see [18,19]). It is therefore possible that
defects in armi mutant oocytes are caused by impaired
transcriptional control. With the exciting finding that
components of the RNAi pathway control early events
in Drosophila development, the challenge is now to
identify the small RNAs involved and to understand the
precise mechanisms by which these RNAs act to regu-
late their targets. 
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Figure 1. RNA silencing and oogenesis in
Drosophila.
(A) An outline of the siRNA/miRNA
pathway. (B) Early oogenesis in Drosophila.
The MTOC is at the posterior of the oocyte.
Gurken signals to the somatic follicle cells
surrounding the cyst (light blue arrow),
which emit an unknown reverse signal
(dark blue arrow) inducing microtubule
repolarisation. oskar mRNA (light green) is
in a posterior crescent in the oocyte, trans-
lationally repressed. (C) Late oogenesis in
Drosophila. Microtubules (red) nucleate
from the anterior and lateral cortex of the
oocyte. oskar mRNA is localized to the
posterior and translated, producing Oskar
protein (dark green). bicoid mRNA (orange)
is localized at the anterior and gurken
mRNA and protein (light blue) are at the
anterior-dorsal corner of the oocyte.
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